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Neuronal Polarity: Vectorial Cytoplasmic Flow
Precedes Axon Formation
exposed to the same external concentration of trophic
factors, to the same substratum, and to the same possi-
bility of contacting other cells, it appears that neurons
Frank Bradke and Carlos G. Dotti*
Cell Biology Program
European Molecular Biology Laboratory
Meyerhofstrasse 1 are intrinsically able to decide which of the multiple
69012 Heidelberg processes becomes the axon. The search for a phenom-
Federal Republic of Germany enological correlation between intracellular organization
and axonal formation has been performed in the past.
In the grasshopper peripheral nervous system unipolar
neuron Ti1, the centrosome and the Golgi apparatus areSummary
positioned close to the site where the axon will grow
Axon formation in multipolar neurons is believed to (Lefcort and Bentley, 1989). Similar analysis during the
depend on the existence of precise sorting mecha- transition from stage 2 to stage 3 of hippocampal neu-
nisms for axonal membrane and membrane-associ- rons did not reveal such polarization, (Dotti and Banker,
ated proteins. Conclusive evidence in living neurons, 1991), and electron microscopy of stage 2 cells did not
however, is lacking. In the present study, we use light reveal any significant difference in the overall appear-
and video microscopy to address this issue directly. ance and organization of the processes (Deitch and
We show that axon formation is preceded by the ap- Banker, 1993).Despite the absence of experimental data
pearance in one of the multiple neurites of (1) a larger from stage 2 cells that could clarify the mechanisms
growth cone, (2) ahigher amount and greater transport underlying polarization, the finding that several axonal
of membrane organelles, (3) polarized delivery of TGN- proteins of mature neurons accumulate in the axon of
derived vesicles, (4) a higher concentration of mito- stage 3 cells (Goslin et al., 1988; Goslin and Banker,
chondria and peroxisomes, (5) a higher concentration 1990; Fletcher et al., 1991; Matteoli et al., 1992; reviewed
of a cytosolic protein, and (6) a higher concentration by Craig and Banker, 1994) argued for the existence of
of ribosomes. These results provide evidence for the an early mechanism of molecular sorting for delivery to
involvement of bulk cytoplasmic flow as anearly deter- the axonal domain. However, the axonal and dendritic
minant of neuronal morphological polarization. Molec- distribution in stage 3 cells of the influenza hemaggluti-
ular sorting events would later trigger the establish- nin glycoprotein and the endogenous GPI-anchored
ment of functional polarity. protein Thy-1, which in mature hippocampal neurons
are enriched in the axonal domain, made us hypothesize
Introduction
that neurons do not have a mature molecular sorting
mechanism until late in development (Dotti and Simons,
One of the first events of neuronal differentiation is the
1990; Dotti et al., 1991; reviewed by de Hoop and Dotti,
sprouting of a single axon and multiple dendrites. The
1993). In the absence of a molecular sorting mechanismsequence leading to morphological polarization has
that could trigger polarization, axonal formation couldbeen well characterized in hippocampal neurons in cul-
still take place by a change in overall intracellular traf-ture (Dotti et al., 1988). Shortly after plating, the cell
ficking from random trafficking, in which transport ofbody becomes surrounded by the lamellipodium (stage
organelles, proteins, and lipids occurs in all directions1). Within the next 4±12 hr, the lamellipodium thickens
and to all of the processes, to polarized trafficking to aat certain areas, and several short neuritesextend (stage
single process. This polarized flow would in some man-2; Figure 1B). Later, only one of the processes elongates
ner generate the force required to extend this processand the cells acquire a clearly polarized appearance
forward to become the axon. These types of events are(stage 3; Figure 1A). The extended process becomes
typical of nonpolarized cells induced to polarize (Gotliebthe future axon and the remaining stationary processes
et al., 1981; Kupfer et al., 1982; Bergmann et al., 1983;will become dendrites. Neuronal polarization thus oc-
Gundersen and Bulinski, 1988). Here, we present experi-curs at the transition between stages 2 and 3.
mental evidence suggesting that vectorial cytoplasmicIn contrast to theabundance of literature on the mech-
flow is the mechanism underlying neuronal polarization.anisms underlying axonal elongation (Bamburg et al.,
Using light microscopy of individual hippocampal neu-1986; Forscher and Smith, 1988; Lim et al., 1989; Okabe
and Hirokawa, 1990, 1992; Tanaka and Kirschner, 1991; rons before and during polarization, we show that
Reinsch et al., 1991; Sabry et al., 1991, 1995; Lin and growth cone size, overall anterograde organelle traffick-
Forscher, 1993), we know very little about how axonal ing, and transport of post-Golgi vesicles, mitochondria,
formation takes place. How isone single process among peroxisomes, cytosolic proteins, ribosomes, and an in-
several chosen to become the axon? Extracellular tegral membrane protein that is exclusively localized in
factors strongly influence polarization in vivo and in vitro the dendrites of mature neurons all appear polarized to
(reviewed by Prochiantz, 1995). However, since neuronal one or two neurites of a subpopulation of stage 2 cells
phenotype is still accomplished in the homogeneous and to the axon of most stage 3 cells. Moreover, we
conditions of in vitro systems, where all processes are demonstrate for some of the above parameters that the
neurite of stage 2 cells showing polarized accumulation
later becomes the axon.*To whom correspondence should be addressed.
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Figure 1. Relationship between Growth Cone Size and Morphological Polarization
(A, Left) In stage 3 cells the axonal growth cone (arrow) is clearly larger than the largest growth cone of the minor neurites (arrowhead).
(A, Right) Average surface area of the axonal and the largest minor process growth cones (n 5 60 cells).
(B, Left) In stage 2 cells, the growth cones at the tip of the neurites are of different sizes (arrow and arrowhead).
(B, Right) Measurement of growth cone size (n 5 16 cells). Each of the segments of the rectangle shows the surface area of the growth cones
from the same cell. Note that in more than 50% of these cells, one growth cone (black segment) is larger than any of the remaining ones
(white segments). The height of the bars represents total growth cone surface area.
(C, Top) Stage 2 cell. At the beginning of the experiment, two of the growth cones have similar size (white arrow and arrowhead). The large
flat membrane at the end opposite to the marked neurites is not considered a growth cone, as it is not connected to the cell body via a
cylindrical neurite. At 6.5 hr, one growth cone remained constant in size (arrow), whereas the other collapsed (white arrowhead). At 10.25 hr,
the neurite with the enlarged growth cone elongated (compare the position of the growth cone with the mark on the coverslip (black arrowhead).
At 1 day plus 1 hr, the cell became a typical stage 3 neuron.
(C, Bottom) Measurement of growth cone size and neurite length during polarization clearly reveals that increase in growth cone size precedes
axonal formation. After an initial rapid enlargement, the growth cone (broken line, squares) did not change in size. During that time, the
corresponding neurite (unbroken line, crosses) did not change in total length. This occurred shortly thereafter.
(D) Sectioning the axon of this stage 3 cell close to the cell body (1, white arrowhead) results in the reappearance of stage 2 morphology (2;
the axon proximal stump is temporarily displaced by the experimental procedure, white arrowhead in 2; see also distal, disrupted axon marked
by a black arrowhead). At 4 hr and 30 min postlesioning (3), one neurite has a prominent growth cone (arrow). This neurite then elongates
and becomes this cell's axon (4, arrows; 8 hr after cut).
Results lamellipodia that characterize the leading edge of mi-
grating nonneuronal cells. In these cells, one possible
To characterize the changes in membrane and cyto- mechanism for force generation is the creation of a new
plasmic dynamics during the acquisition of morphologi- surface membrane at the leading edge, which in turn
cal polarity, we used cultured hippocampal neurons drives the cell forward with the cytoplasm flowing pas-
grown in serum-free medium. These cells offer the ad- sively into the extended area (reviewed by Bretcher,
vantage that the transition from nonpolarized (stage 2) 1996). Second, growth cones contain numerous mem-
to polarized (stage 3) can be easily visualized by light brane stacks (Cheng and Reese, 1987; Deitch and
microscopy methods (Dotti et al., 1988). Banker, 1993), hypothesized to serve as membrane res-
ervoirs for membrane addition during axonal growth.
Third, growth cones of mammalian neurons are the sitesGrowth Cone Size Is an Early Indicator of Polarity
of addition of newly synthesized membrane proteinsWe first analyzed growth cone size. There are several
during elongation (Bray, 1970; Pfenninger and MaylieÂ -reasons for choosing this parameter. First, there are
similarities between growth cones and the filopodia/ Pfenninger, 1981; Griffin et al., 1981; Lockerbie et al.,
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1991; Dai and Sheetz, 1995; Craig et al., 1995; Vogt et returned to the incubator and photographed 4 hr later.
From 61 axotomized cells, 8 cells died, 18 cells hadal., 1996).
Living hippocampal neurons cultured for 24±48 hr reconstituted the stage 3 or late stage 2 (stage 21)
phenotype seen before the first observation, 13 cellswere observed under the microscope, and growth cone
size (surface area) was measured with conventional appeared unhealthy with thin processes without growth
cones, and 22 cells were in the classical stage 2 pheno-image-processing software (see Experimental Proce-
dures). We looked first at polarized cells. In stage 3 cells, type (clearly identifiable neurites and growth cones).
This population was further analyzed. Of the 22 cells inthe average surface of the growth cone at the tip of the
axon is approximately four times larger than the largest stage 2, only 11 cells grew a new axon in the course of
the next 24 hr (the remaining 11 cells did not developgrowth cone at the tip of any of the minor neurites (80
mm2 and 20 mm2, respectively; n 5 60; Figure 1A). In polarity). From these cells, generation of the new axon
was preceded by enlargement of the growth cone of70% of stage 3 cells, the axonal growth cone was signifi-
cantly larger than the growth cone of the minor neurites. the corresponding neurite. An example of such response
is shown in Figure 1D. Shortly after lesioning, the axo-In 10% of the cells, a minor neurite had the largest
growth cone, and in 20% of the cells, the axon and one tomized cell is indistinguishable from normal stage 2
cells (Figure 1D [2]). A few hours later, one of the neuritesof the minor neurites had growth cones of the same
size. Few cells did not have a measurable growth cone shows a large growth cone (Figure 1D [3]) from which
the axon grows (Figure 1D [4]). The ability of lesionedon any of the neurites.
To address whether growth cone enlargement pre- cells to make an axon from a process not originally
chosen as such highlights the importance of intracellularcedes axonal formation, as our hypothesis would antici-
pate, growth cone surface area was measured in the determinants. The presence of a large growth cone pre-
ceding the formation of the second axon further sub-neurites of stage 2 cells. These cells have an average
of three to five processes (a typical stage 2 cell is shown stantiates the importance of polarized membrane flow
in axonogenesis.in Figure 1B). In the absence of preferential traffick-
ing or attachment, the expected surface of any given
growth cone would vary between 33% (for cells with
Membrane Organelles Become Polarizedthree minor neurites/growth cones) and 20% (for cells
before Axonogenesiswith five minor neurites/growth cones) of the total
Since membrane organelles are optically dense, theirgrowth cone surface. However, we observed that at
accumulation in neurites can be easily detected byany given time point, only 50% of the neurites have a
phase-contrast microscopy (Koenig et al., 1985; Morrismeasurable growth cone. Still, growth cone surface area
and Hollenbeck, 1993). Figures 2A±2B show examples ofmeasurement revealed that a single growth cone was
this correlation; living hippocampal neurons incubateddistinctively larger than the others: it was twice as large
with the mitochondria dye Rhodamine-123 were visual-as its expected size in more than 50% of stage 2 cells
ized by phase-contrast and fluorescence microscopy.(Figure 1B). Although this last result suggests that an
Numerous optically dense structures in one of the neu-increase in the growth cone precedes axon formation,
rites colocalized with the dye, demonstrating that theythis was analyzed directly by continuous video observa-
were mitochondria. Some of the optically dense struc-tion of stage 2 cells until they became stage 3 cells.
tures moved along the process (some of them wereFrom 24 single cell observations, 19 cells showed the
labeled and others were not), further suggesting thatstage 2±3 transition. The typical behavior of growth
optical density is an objective parameter for both organ-cones before polarization is illustrated in Figure 1C. At
elle concentration and dynamics.first, the neurites undergo periodic episodes of elonga-
We first measured optical density in all neurites oftion and retraction. Concomitantly, the growth cones
stage 3 cells. We observed higher phase density in thechange in size and activity until one of them, usually the
axon than in the short neurites. An example of polarizedone that underwent the most episodes of collapses and
phase density in the axon of a stage 3 neuron is shownexpansions, becomes significantly larger than theothers
in Figure 2C. To determine whether similar polarizationand remains expanded for a long period. The neurite in
occurs before axonal formation, optical density analysiswhich the growth cone thus behaved and which still
was performed in stage 2 cells. More than 40% of stageshows a high degree of activity becomes the axon. Dur-
2 neurons were found to have neuritic phase densitying phases of rapid elongation, the growth cone often
restricted to only one or two neurites. Such distributiondecreased in size. The variation in growth cone size and
is evident in Figure 2D. If the polarized cytoplasmic flowneurite length with time is shown in Figure 1C (bottom).
hypothesis is correct, one of these neurites may laterThis result shows that an increase in growth cone size
become the axon. To confirm this, stage 2 cells wereprecedes morphological polarization.
subjected to continuous observation until the axon wasIt was previously shown that sectioning the axon of
formed. An example of such an experiment is shown ina stage 3 neuron results in the formation of a new axon
Figure 2E. The shafts of twoprocesses of this cellappearfrom a different neurite (Dotti and Banker, 1987; Goslin
optically dense (arrows). As development proceeded,and Banker, 1989). We used this experimental strategy
one of the processes lost the dense material (1), whereasto test whether growth cone enlargement would also
that material increased in the other (2). The later processprecede axon formation if axonogenesis was induced
eventually gave rise to the axon. In this case, three thinto take place for a second time. The axon of stage 3
axonal branches emerged. The remnant growth cone atcells was cut, leaving the proximal stump of a length
similar to that of the other neurites. The cells were then the site of branching later retracted (data not shown).
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Figure 2. Relationship between Neuritic Phase Density and Morphological Polarization
(A) Phase-contrast (right) and fluorescence (left) low-magnification view of a stage 3 cell labeled with the mitochondria fluorescent dye
Rhodamine-123. The optically darker areas seen by phase-contrast contain numerous mitochondria (boxed area).
(B) High magnification of area boxed in (A) reveals that mitochondria and phase-dense structure colocalize. Also note that two optically dense
structures, one unlabeled (thick arrow) and one labeled (thin arrow), change position with time (min:s) in the growing axon.
(C) Example of a stage 3 cell and measurement of phase density in three different areas of the neurites. The axonal shaft (1) is quantitatively
denser than the minor neurites (2±5).
(D) Example of a stage 2 cell and the different concentration of dense material in the neurites. This is higher in neurites 1 and 4. Neurite 1
later became the axon.
(E) Polarization is preceded by changes in the distribution of phase-dense material. At early recording times, two neurites had similar amounts
of dense material (arrows). With time, the dense material redistributed and concentrated preferentially in neurite 2 (neurite 1 became almost
depleted of phase-dense material). From the growth cone of neurite 2, three long axonal branches emerged (17 hr). The growth cone later
retracted. The quantitative changes in optical density over time for neurites 1 and 2 are shown.
Development of Neuronal Polarity
1179
Figure 3. Increased Anterograde Organelle Transport Precedes and Accompanies Polarization
(A) shows the quantitation of membrane organelle movement during the polarization of the cell shown in (B). The average amount of traffic
along neurite 4, which later becomes the axon (see bottom), accounts for almost 40% of all anterograde transport events. This corresponds
to twice as much as would be expected from the number of neurites (represented by the broken line). Total anterograde traffic ranged from
6±10 events/min. Arrowheads point to vesicular and tubular organelles visualized by this technique. Clearly, most of them are found in neurite 4.
In continuous time-lapse observation, this flow of organ- an increase in membrane trafficking toward the process
that ultimately becomes the axon. The precise natureelles before the axon grows out appears as a wave
leading to growth cone enlargement, whereas in other of the membrane organelles undergoing such polarized
transport to the ªtaggedº neurite is addressed in theneuritesa depletion of organellescan be observed,coin-
cident with the silencing of their growth cones' activity. following section.
Although the most likely explanation of the above re-
sults is that the early polarization of phase-dense mate-
rial to one of the neurites of stage 2 cells reflects the Trans Golgi±Derived Vesicles Are Polarized
before Axonogenesispolarization of membrane organelles, this was confirmed
by video-enhanced contrast/differential interference Given that elongation requires addition of newly synthe-
sized membrane proteins, we analyzed in stage 2 andcontrast (VECDIC) microscopy. With this technique,
membrane organelles, tubules, and vesicles can be di- stage 3 hippocampal neurons the intracellular distribu-
tion of trans-Golgi network±derived (TGN-derived) vesi-rectly visualized and their transport determined (Allen
et al., 1982; Goldberg and Schacher, 1987; Cassimeris cles. Cells maintained in culture for 2 days were incu-
bated in the presence of Bodipy-ceramide, which markset al., 1988). Figure 3 shows a polarizing stage 2 cell
analyzed by DIC and video microscopy. At the beginning the TGN and TGN-derived vesicles in neuronal and non-
neuronal cells (Pagano et al., 1991; Pagano and Martin,of the recording (17:52 hr), numerousvesicular and tubu-
lar profiles are evident along neurite 4 (arrowheads) and 1994; Huber et al., 1995), for 20 min at 258C; excess
dye was washed away, and the pattern of labeling wasa few along the other neurites. In the lower panel, it is
shown that neurite number 4 becomes the axon 1 day analyzed by low-light fluorescence microscopy. To gain
some insight regarding TGN-derived vesicle polariza-later. The bars of Figure 3A show that during polariza-
tion, neurite 4 receives two times as many membrane tion, we first checked the distribution in stage 3 neurons.
In more than 50% (n 5 41) of fully established stage 3organelles as the other neurites. Although the transition
from stage 2 to stage 3 could not be evaluated by the and in stage 21 neurons (in which one of the processes
is slightly longer than the others), we observed a clearsame technique due to the high sensitivity to illumination
of the stage 2 cells, we also found in a population of polarization of TGN-derived vesicles to the growing
axon (Figure 4, top). In these cells, the paucity of vesi-stage 2 cells preferred anterograde transport toward
one neurite (data not shown). However, organelle polar- cles in the shorter neurites was evident, suggesting that
indeed most Golgi-derived vesicles were almost exclu-ization was evident by the less photodamaging phase-
contrast technique (see Figure 2E). sively transported to the growing axon. Since these cells
are able to synthesize dendritic membrane proteins (Kil-Altogether, our results show that morphological polar-
ization in cultured hippocampal neurons is preceded by lisch et al., 1991; Craig et al., 1993), the axonal delivery
Neuron
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Figure 4. Distribution of TGN-Derived Vesicles and GluR1 in Young Hippocampal Neurons
(Top) TGN-derived vesicles are polarized during axonal formation. Bodipy-ceramide was used to label TGN-derived vesicles. Labeled vesicles
are preferentially found along the axons (arrows) of stage 3 cells (st.3), as well as along one of the neurites (arrows) of late stage 2 cells
(st.21). Approximately 30% of stage 2 cells also show polarized distribution of ceramide vesicles (st.2, early st.2). Note that the neurites with
highest levels of ceramide labeling also have the largest growth cones (arrows). For comparison, a minor neurite is marked with an arrowhead.
(Bottom) The ªdendriticº glutamate receptor subunit GluR1 is polarized in stage 3 neurons and in a subpopulation of stage 2 neurons. Cells
were fixed in paraformaldehyde, extracted with saponin and labeled with GluR1 antibody. Polarized distribution to the axon (arrow) is evident
in stage 3 neurons (st.3) and also in late stage 2 cells (st.21). In a subpopulation of stage 2 cells (st.2) where all processes have equal length,
GluR1 concentrates in one process (arrow). Note that this process has the largest growth cone. For comparison of levels of labeling intensity,
a minor neurite is marked with an arrowhead.
suggests that at this developmental stage the segrega- microscopy of fixed stage 2 neurons revealed polarized
distribution to one of the neurites in 42% (6 4%; n 5tion machinery for axonal and dendritic proteins and
lipids (either at the level of formation or transport) is not 547) of the cells (Figure 4, bottom). This percentage is
similar to that of the axonal membrane protein synapto-yet operative.
We looked next at the distribution of TGN-derived tagmin (M. de Hoop and C. G. D., unpublished data).
Together with the observation that the ªdendriticº GluR1vesicles in stage 2 cells. In 30% of these cells, we ob-
served polarized distribution to only one or two of the reactivity was found enriched in the axons of 70% of
stage 3 and late stage 2 cells (n 5 93; Figure 4, bottom),neurites (n 5 19). Interestingly, TGN-derived vesicles
appeared polarized to theneurite with the largest growth these results suggest that axon formation is preceded
and accompanied by a nondiscriminatory (axonal andcone (Figure 4, top). Although we were unable to directly
test the correlation between high TGN-derived vesicles dendritic) traffic of TGN-derived vesicles.
and axonogenesis (living cells incubated with Bodipy-
ceramide and videotaped died over the course of a few Mitochondria and Peroxisomes Polarize
before Axon Formationhours, possibly due to a combination of probe toxicity
and photo damage), our previous demonstration that Given the energetic needs of membrane addition during
axonogenesis, we analyzed in stage 2 and stage 3 hippo-increased membrane trafficking precedes axon forma-
tion (see above; Figures 1±3) makes us confident that campal neurons the distribution and dynamics of mito-
chondria. Neurons kept for 1 day in culture were labeledthis is the case for TGN-derived vesicles as well. More-
over, our data suggest that polarized transport to the with 0.2 mg/ml Rhodamine-123, and the living cells were
analyzed by fluorescence microscopy. As shown in Fig-destined axon of stage 2 cells and to the axon of stage
3 cells occurs for both axonal and dendritic proteins. ure 5A, in 45% (6 10%; n 5 25) of stage 2 cells we
observed clear polarization to one or two neurites, coin-Since it is well established that axonal membrane pro-
teins of mature neurons are polarized to the axon of cident with a bigger growth cone at the tagged neurite
(Figure 5A). In 80% (6 10%; n 5 59) of stage 21 andstage 3 cells (reviewed by Craig and Banker, 1994; see
also Introduction), we investigated the distribution of stage 3 cells, mitochondria concentrated in the longest
neurite. Video follow-up of living stage 2 cells revealedthe AMPA glutamate receptor GluR1, a protein highly
enriched on the dendritic surface of hippocampal neu- that mitochondria polarization precedes axon formation.
This is shown in Figure 5B. At the beginning of therons in culture (Craig et al., 1993). Immunofluorescence
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Figure 5. Mitochondria Distribution in Young Hippocampal Neurons
(A) Mitochondria are preferentially distributed to the growing axon (arrow) in stage 3 cells. Preferential distribution to one neurite was also
found in more than 40% of stage 2 cells. A minor neurite is marked with an arrowhead for comparison.
(B±C) Mitochondria redistribute during polarization. Confocal microscopy time-lapse video recording of hippocampal neurons labeled with a
mitochondrial vital dye (see Experimental Procedures).
(B) At the beginning of the recording, similar mitochondria labeling is seen in all three processes (0 hr). Mitochondria then redistributes and
concentrates in one process (neurite 3, 3.5 hr), which also has a prominent growth cone. This process later becomes the axon (9 hr). The
arrow indicates the initial length of neurite 3 at all recorded times; the arrowhead marks the distal end of neurite 3.
(C) Quantitation of the changes in mitochondria labeling from the cell shown in (B).
observation (0 hr), three neurites contained the most 6). Although the polarized distribution of peroxisomes
in stage 2 cells cannot be directly correlated with axonmitochondria. After 3.5 hr, neurite 3 became highly en-
riched in mitochondria, whereas the content of mito- formation in living cells, the findings with mitochondria
(see above) and the presence of peroxisomes highlychondria decreased in the other neurites. After another
5.5 hr, neurite 3 elongated more than 10 mm and 4 hr enriched in the axon of 75% of stage 3 neurons strongly
suggests that this organelle is also one of the constit-later clearly became the axon.
One of the functions of peroxisomes is to inactivate uents of the polarized cytoplasmic flow preceding axo-
nogenesis.radicals, which especially occur at places of high energy
turnover; their distribution may parallel that of mitochon-
dria. This was analyzed next. Hippocampal neurons
growing for 2 days in culture were fixed and stained for Early Polarization of Nonmembranous Elements
Above, we showed that membranous organelles aredis-the marker peroxisomal membrane protein 69 (pmp-69).
Peroxisome polarization to one of the processes was tributed in a polarized fashion before axonogenesis, and
for some of them we showed that this early polarizationobserved in 33% (6 2%; n 5 178) of stage 2 cells (Figure
Figure 6. Polarized Distribution of Peroxi-
somes in Stage 2 and Stage 3 Neurons
Cells were fixed in paraformaldehyde and im-
munoreacted with anti±pmp 69 antibody. In
stage 3 neurons (st.3), labeling is mostly re-
stricted to the axon (arrows). In late stage 2
cells (st.21), pmp 69 also concentrates in the
longest process (arrow). In a subpopulation
of early stage 2 cells (st.2), preferential accu-
mulation is also observed in one of the pro-
cesses (arrow). A minor neurite is marked with
an arrowhead for comparison.
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Figure 7. Early Polarization of the Cytosolic
Iron Regulatory Protein 1 (IRP-1) and the Ri-
bosomal P Protein
(A) In paraformaldehyde-fixed cells reacted
with the anti±IRP-1 antibody, labeling is po-
larized to one or two of the neurites in 35%
of stage 2 (st.2) and 71% of stage 21 cells
(st.21) and to the axon of stage 3 neurons
(st.3).
(B) Anti-ribosomal P protein serum labels ve-
sicular structures in stage 2 and stage 3 neu-
rons. In 21% of stage 2 (st.2) and 47% of
stage 21 (st.21) cells, the labeling is already
polarized to the neurites with higher phase-
dense material and/or largest growth cone.
In the morphologically polarized stage 3 neu-
rons, labeling is concentrated in the axon,
although in fully polarized neurons this anti-
sera labels exclusively the cell body and den-
drites (data not shown). A minor neurite is
marked with an arrowhead for comparison.
correlates with axonal formation. If membrane polariza- axon. In terms of morphological appearance, dynamics,
and function, growth cones are equivalent to the mem-tion results from a general cytoplasmic flow mechanism,
brane extensions that decorate the leading edge of mi-polarization of nonmembranous constituents should oc-
grating cells. Since in these cells one of the events pre-cur as well. We tested this by analyzing the distributions
ceding forward movement is the appearance of a largeof a cytosolic protein, the iron regulatory protein (IRP),
membrane ruffle and the transport of new plasma mem-and of ribosomes. The antibody against IRP (Hentze and
brane (Bergmann et al., 1983; Bretcher, 1996), our dataKuÈ hn, 1996) labeled both axons and dendrites of mature
suggest that increased growth cone size reflects mem-cells (data not shown), and the antibody against the
brane addition and therefore can generate the advanceribosomal P protein (Chu et al., 1991) labeled structures
of the trailing neurite. Indeed, by phase-contrast micros-present in dendrites exclusively (data not shown). The
copy, Nomarski optics, and low-light fluorescence mi-dendritic segregation of the ribosomal protein is in
croscopy, we directly prove that the neurite of stageagreement with previous data on RNA segregation in
2 cells displaying a large growth cone receives moremature hippocampal cells (Kleiman et al., 1994). In 35%
membrane and becomes the axon. Although not all neu-(6 2%; n 5 162) of stage 2 cells, IRP was found polarized
rons behave in the same way and sometimes the largestto one of the processes (Figure 7A). In 71% (6 6%;
growth cone, usually static, was ªovertakenº by anothern 5 340) of stage 3 cells, IRP appeared preferentially
quickly enlarging growth cone (5 out of 24 observations),concentrated in the axon (Figure 7A). Consistent with
the site of emergence of the axon in most stage 2 neu-our previous results, theneurite with the highest concen-
rons can be predicted if the following three criteria aretration of IRP showed the largest growth cone. Regard-
satisfied: (1) a large growth cone, (2) a highly dynamicing the distribution of the ribosomal protein, we ob-
growth cone, and (3) abundant organelle trafficking inserved its polarized transport to one or two of the
the corresponding neurite.
neurites of stage 2 cells in 21% (6 10%; n 5 149) and
Besides growth cone size and general membrane traf-
its polarization to the axon of 47% (6 2%) of stage 3
ficking, we show that peroxisomes, mitochondria, post-
neurons. The distribution of the ribosomal P protein in Golgi vesicles, a dendritic membrane protein, cytosolic
stage 2 and stage 3 neurons is shown in Figure 7B. In IRP, and ribosomes all appear polarized to one of the
accordance with other findings (Deitch and Banker, neurites of stage 2 cells. In all, these results speak in
1993; Kleiman et al., 1994), we observed a depletion of favor of a general polarized cytoplasmic flow as an early
ribosomes in the axons of late stage 3 cells (the axon determinant of axon formation. Moreover, since similar
is longer than 50 mm). polarized distribution was also observed in already po-
larized (stage 21 and stage 3) cells, bulk cytoplasmic
Discussion flow may also play a role in the stabilization of the early
axon. In this regard, the bulk flow of organelles and
We have used the transition from stage 2 to stage 3 of proteins observed here can explain the initial fast rate
hippocampal neurons in culture (see Introduction and of elongation of the neurite that becomes the axon and
Dotti et al., 1988) as an experimental tool to test its subsequent stabilization. We envision that, similarly
the hypothesis that intracellular bulk flow precedes to the polarized flow of IRP, the polarized flow of micro-
neuronal polarization. Our first series of experiments tubule and microtubule-regulating proteins could satisfy
strongly suggest that the neurite of stage 2 cells that the needs for the different rate of growth of the axon-
chosen neurite. Supporting this, Ferreira and Caceresdisplays the largest growth cone later becomes the
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Figure 8. Polarized Cytoplasmic Trafficking
during Neuronal Polarization: Synopsis
(A) At early developmental stages, all neurites
are of the same length, and membrane organ-
elles and proteins are distributed symmetri-
cally to all of them.
(B) Membrane organelles as well as cytosolic
proteins change distribution and become
concentrated to one of the neurites. This neu-
rite becomes the axon. The redistribution of
membrane organelles is reflected in hall-
marks of easy microscopy detection such as
increase in phase density and in a larger and
more dynamic growth cone, which can be
used to predict the site of axonal emergence.
(C) In stage 3, membrane organelles and axo-
nal and dendritic proteins continue to be in-
discriminately delivered to the axon. The
mechanisms responsible for segregating ax-
onal and dendritic proteins to their correct
domain (molecular sorting) would appear at
later developmental stages.
(1989) found polarization of stable microtubules in stage become the cell's axon if the firstaxon is damaged (Dotti
and Banker, 1987; Goslin and Banker, 1989; this work),2 cerebellar neurons in culture, and Spiegelman et al.
(1979) found aggregation of microtubule-initiating fac- which suggests that the axonal sorting machinery re-
sponsible for fixing a process as such is not fully estab-tors preceding axon formation in neuroblastoma cells.
We explain the polarized distribution of organelles lished at this early stage. The third piece of evidence is
the accumulation of the axonal membrane protein GAP-and proteins as the result of a general mechanism of
cytoplasmic transport. However, it is possible that some 43 in minor neurites when these neurites temporarily
elongate in stage 3 neurons (Goslin and Banker, 1990). Inof the polarized events observed here respond to the
use of a more sophisticated mechanism like molecular support of this, we recently found that axonal membrane
proteins do not interact with lipids if expressed in stage-sorting. Molecular sorting is the means by which pro-
teins, lipids, and organelles are segregated into the dif- stage 3 neurons (Ledesma et al., submitted).
The presence of bulk flow trafficking, the ability offerent plasma membrane and cytoplasmic domains of
polarized cells (i.e., axonal and dendritic in neurons, cells to regenerate polarity if the axon is damaged, and
the immaturity of the molecular sorting mechanismapical and basolateral in polarized epithelia). In neurons,
membrane proteins are recognized as axonal or den- make us envision neuronal polarization as an adventi-
tious phenomenon. At early stages, all growth conesdritic by specific signals present in their primary struc-
ture: in the cytoplasmic terminal for dendritic proteins receive and retrieve more or less equal amounts of mem-
brane, enough to maintain neurite attachment and a(de Hoop et al., 1995; Ehlers et al., 1996) and in the trans-
membrane ectodomain for axonalproteins (Tienari et al., balance between elongation and retraction. Then, one
of the growth cones, for example after a ªfortuitousº1996). Although the precise mechanisms that recognize
these signals as axonal or dendritic are not fully under- longer or tighter attachment to the substratum or con-
tact with a higher concentration of a growth factor, be-stood, certain axonal proteins require interaction with
lipids in fully polarized neurons (Ledesma et al., submit- comes transitorily stabilized. This creates a local change
within the growth cone, which then signals the cell bodyted) and dendritic proteins with proteins associated with
postsynaptic densities (reviewed by Ehlers et al., 1996). for the polarized flow of membrane and cytosolic pro-
teins, lipids, and organelles. This early polarization re-While we cannot completely rule out the existence of
similar mechanisms in stage 2 cells and their involve- sults in axonal formation. This is summarized in Figure
8. In vivo, a similar series of events would occur; exceptment in axonogenesis, different pieces of evidence ar-
gue against this. The first piece of evidence is the distri- that instead of fortuitously, axon formation would be
triggered by the correct positioning of the ªpolarizingºbution of the dendritic AMPA receptor subunit and of
ribosomes. In the presence of molecular sorting, one factor. Supporting this, we recently observed that hippo-
campal neurons growing in organotypic cultures labeledwould predict that ribosomes and dendritic proteins are
excluded from the neurite of stage 2 cells that becomes with a membrane-permeable vital dye also show axonal
organelle polarization (Bradke et al., unpublished data).the axon and from the axon of stage 3 cells. We found
exactly the opposite; ribosomes and the AMPA gluta- If ourmodel is correct, the basic mechanismsunderlying
the initial stages of axonogenesis would be similar tomate receptor subunit both concentrated in one process
of stage 2 cells and in the axon of stage 3 neurons. those that trigger thepolarized migration of nonneuronal
cells, such as leukocytes moving toward a chemicalSimilar polarized distribution for GABA receptor sub-
units (dendritic in mature neurons) is clear in the photo- gradient or fibroblasts toward a wound. We think that
this type of ªuncommitmentº is an important mechanismgraphs shown in Killisch et al. (1991). These results sug-
gest a lack of dendritic molecular sorting. The second as it regards all processes as equal, therefore increasing
the possibilities that neurons will always have an axon,piece of evidence is the ability of early ªdendritesº to
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chloroform/ methanol (2:1 v/v); 601 ml were put in a conical glasseven under circumstances in which the positioning of
vial and dried under a nitrogen stream for 1 hr and resuspended inthe cell changes during migration. Maturation of the
50 ml ethanol. Liposomes were made by syringe pressure additionsorting machinery, and thus ªcommitment,º will later
of the solution to 450 ml medium containing 15 mg bovine serum
help in the acquisition and maintenance of functional albumin (Sigma, MuÈ nchen) while vortexing. The liposomes were
polarity. then dialyzed in micro-collodium bags (Sartorius, GoÈ ttingen) against
tissue culture medium at 48C. The prepared stock (c 5 0.5 mmol/
ml) was stored at 2208C. HBSS-washed cells were incubated withExperimental Procedures
5 nmol/ml Bodipy-ceramide at 258C for 20 min, washed once with
HBSS, and then put into the aluminum slide filled with warm HBSS.Cell Culture
Pictures were taken with the following filter pack set: BP 450±490Primary hippocampal neurons derived from rat embryos were cul-
(exciter filter), FT 510 (dichroic beam splitter), and LP 590 (Barriertured following the protocol of Goslin and Banker (1991) and de
filter). This filter set allows one to excite the specimen with blueHoop et al. (1997). In brief, the hippocampi of E18 rats were dis-
light (450±490 nm) but to observe only the red area of the spectrumsected, trypsinized, and physically dissociated. The cells were then
(.590 nm).washed in HBSS, and 100,000 cells were plated onto poly-lysine±
To label mitochondria, the vital dye Rhodamine 123 (Moleculartreated glass coverslips in 6 cm petri dishes containing minimal
Probes, Leiden) was used (Morris and Hollenbeck, 1993; Overly etessential medium and 10% heat-inactivated horse serum. The cells
al., 1996). The cells were labeled with a final concentration of 2were kept in 5% CO2 at 36.58C. After 12 hr, the coverslips were
mg/ml Rhodamine 123 for 15 min, washed once with 378C HBSS, andtransferred to a 6 cm dish containing astrocytes in minimal essential
put into either the aluminum chamber or the long-term observationmedium (MEM) and N2 supplements.
chamber. Picture were taken at the fluorescence microscope using
the Rhodamine filter.Handling Living Cells on the Microscope Stage
To observe mitochondria dynamics, cells labeled with RhodamineNeurons were kept alive and observed at the microscope as de-
123 were put in the long-term chamber and located with conven-scribed in detail in Bradke and Dotti (1997). For short observation
tional microscopy. They were excited with the 488 nm laser attenu-times, we used a homemade aluminum slide with the shape and
ated to 1/100 (Zeiss LSM confocal system) of its actual power everysize of a conventional microscope glass slide. A hole drilled in the
2±3 hr. The emission of red and green light was collected.center of the slide permitted the fitting of a 22 mm coverslip. A thin
film of Vaseline was laid on both milled sites. One site was sealed
with a clean and sterilized 22 mm glass coverslip. The hole was Immunocytochemistry
then filled with 100 ml medium equilibrated to air concentration of For the detection of peroxisomal protein (pmp) 69, iron regulatory
gases (Parton et al., 1992), and the coverslip with cells was located protein (IRP), and ribosomal P proteins, cells were fixed in 4% para-
on the other side. For longer observation periods, cells grown on formaldehyde for 12 min at 378C, aldehyde groups were quenched
40 mm coverslips wereput in the FCS-2chamber system(Bioptechs, in 50 mM ammonium chloride for 10 min, and the cells were then
Butler, PA). Cells were kept at 368C on the microscope stage by extracted with 0.1% Triton X-100 for 3 min. The neurons were
using an objective heater ring (Bioptechs, Butler, PA). Cells were blocked in 10% bovine serum albumin (BSA; Sigma) at room temper-
illuminated with a 100 W, 12 V halogen light, which was attenuated ature for 1 hr. The cells were then incubated with anti-pmp 69 (1:100;
and filtered using a green light filter to avoid phototoxicity. KoÈ ster et al., 1986; Heikopp et al., 1992), rabbit anti-IRP (Hentze
and KuÈ hn, 1996), or human anti-ribosomal P protein (Elkon et al.,
1985; Chu et al., 1991). For the detection of GluR1, saponin extrac-Videomicroscopy
tion was used instead of Triton X-100. The following steps wereLiving cells were analyzed using a Zeiss Axiovert 135. The micro-
performed as described above, but 0.01% saponin was added toscope was equipped with 403 (NA 1.0) and 633 (NA 1.4) objectives.
all solutions. The antibody rabbit anti-GluR1 was purchased fromFor VECDIC, a 1003 (NA 1.25) Acrostigmat objective with a 1.3
Upstate Biotechnology (Lake Placid, NY). As secondary antibodies,wollaston and a polarizer was used. Images were captured using a
a Rhodamine-conjugated goat anti-rabbit antibody (Organon Tek-camera from the 4910 series (Cohu, San Diego, CA). The camera
nika-Cappel, Durham, NC) and FITC-conjugated donkey anti-humanwas connected to a Hamamatsu CCD camera C 2400 control panel.
(Dianova, Hamburg) were used.Pictures wererecorded using a Panasonictime-lapse video recorder
AG6720 and a Power Macintosh 8500 equipped with an image grab-
ber (LG3 image grabber, Scion, Frederick, MD). For VECDIC long- Image Analysis and Quantitation
term observation, images were projected to an image processor Size and intensity measurements were done using NIH-image 1.58.
(DVS-3000, Hamamatsu, Herrsching, Germany), the background The growth cone of captured cells was measured by marking the
was subtracted, and the pictures were averaged. Organelle traffic growth cone with the polygonal selection tool after calibrating the
was taped in time-lapse mode 4.6 times slower than real time. Each images with a calibrator slide. The proximal limit of the growth cone
cell was discontinuously recorded, with 5 min recording on and was defined as the distal part of the neurite, where the diameter is
30±90 min recording off. The cells were observed for times ranging twice as big as the neurite itself. The length of the neurite was
from 3 hr up to 2 days. measured from the cell body to the growth cone using the freehand
line tool.
Axon Lesioning Phase intensity of the neurites was measured using the image
Cells grown on Cellocate coverslips (Eppendorf, Hamburg, Ger- package software NIH 1.58. Intensity was analyzed in three areas
many) were transferred into a petri dish filled with medium equili- of the neurite (proximal, medial, and distal). Areas next to the neurite
brated to air concentration of gases onto a microscope stage were also measured to subtract eventual background changes. We
equipped with a micro-manipulator. Cells were localized on the calculated the corrected intensity by subtracting the background
coverslip grid using a 323 long-distance working lens. The axon intensity from the signal from the neuritic shaft.
was then cut by pulling a microinjection glass needle over the glass DIC trafficking was manually quantified as follows. Recorded im-
surface orthogonally across the axon. Cells were photographed ages were played back on a normal video monitor. The monitor was
before and shortly after lesioning. The coverslip was then placed then covered except for a window that permitted the visualization
into the original medium, returned to the incubator, and photo- of z5 mm of the neurite under analysis. The window mask was
graphed every 4 hr until a new axon grew out. always positioned close to the origin of the neurite. An anterograde
transport event was defined as a vesicle or other organelle that
crossed the window. The neurite of the same cell was scored forVital Dye Labeling and Laser Microscopy
To label the trans-Golgi network (TGN) and TGN-derived vesicles, each experiment, and the collected transport events were then pro-
cessed using Kaleidagraph. All anterograde transport events in allBodipy-ceramide (Molecular Probes, Leiden, Belgium) was used.
Bodipy-ceramide was prepared following the protocol of Pagano neurites at any given time point were added together. This gave the
score of total transport versustime. All anterograde transport eventsand Martin (1994). Bodipy-ceramide (250 mg) was diluted in 1 ml
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in each neurite were expressedas percentages of thesum of antero- Deitch, J.S., and Banker, G.A. (1993). An electron microscopic analy-
sis of hippocampal neurons developing in culture: early stages ingrade transport for this interval. The mean anterograde transport
in each neurite represents the mean of the anterograde transport the emergence of polarity. J. Neurosci. 13, 4301±4315.
percentages forall time intervals.The pictures were processed using Dotti, C.G., and Banker, G.A. (1987). Experimentally induced alter-
Adobe Photoshop 3.0. ation in the polarity of developing neurons. Nature 330, 254±256.
Dotti, C.G.,and Simons, K. (1990). Polarized sorting of viral glycopro-
teins to the axon and dendrites of hippocampal neurons in culture.Acknowledgments
Cell 62, 63±72.
Dotti, C.G.,and Banker, G. (1991). Intracellular organization of hippo-We thank Liane Meyn and Bianca Hellias for preparing the hippo-
campal cultures; Drs. Kai Simons, Cayetano Gonzalez, Michael Kie- campal neurons during the development of neuronal polarity. J. Cell
Sci. 15 (suppl.), 75±84.bler, and Tony Hyman from the Cell Biology Programme at EMBL
for discussions, criticisms, and the reading of the manuscript; Dr. Dotti, C.G., Sullivan, C.A., and Banker, G.A. (1988). The establish-
W. W. Just for the gift of the anti-pmp 69 antibody; Dr. M. W. Hentze ment of polarity by hippocampal neurons in culture. J. Neurosci. 8,
for the gift of the anti-IRP antibody; and Drs. K. B. Elkon and 1454±1468.
M. Kiebler for the gift of the anti-ribosomal P protein antibody. Dotti, C.G., Parton, R.G., and Simons, K. (1991). Polarized sorting
C. G. D. is partially supported by a Sonderforschungsbereich (SFB of glypiated proteins in hippocampal neurons. Nature 349, 158±161.
317) grant.
Ehlers, M.D., Mammen, A.L., Lau, L.-F., and Huganir, R.L. (1996).
Synaptic targeting of glutamate receptors. Curr. Biol. 8, 484±489.
Received June 30, 1997; revised October 20, 1997. Elkon, K.B., Parnassa, A.P., and Foster, C.L. (1985). Lupus antibod-
ies target ribosomal P proteins. J. Exp. Med. 162, 459±471.
Ferreira, A., and Caceres, A. (1989). The expression of acetylatedReferences
microtubules during axonal and dendritic growth in cerebellar ma-
croneurons which develop in vitro. Brain Res. Dev. Brain Res. 49,Allen, R.D., Metuzals, J., Tasaki, I., Brady, T.S., and Gilbert, S.O.
205±213.(1982). Fast axonal transport in the squid giant axon. Science 218,
Fletcher, T.L., Cameron, P., DeCamilli, P., and Banker, G. (1991).1127±1129.
The distribution of synapsin I and synaptophysin in hippocampalBamburg, J.R., Bray, D., and Chapman, K. (1986). Assembly of mi-
neurons developing in culture. J. Neurosci. 11, 1617±1626.crotubules at the tip of growing axons. Nature 321, 788±790.
Forscher, P., and Smith, S.J. (1988). Actions of cytochalasins onBergmann, J.E., Kupfer, A., and Singer,S.J. (1983). Membrane inser-
the organization of actin filaments and microtubules in a neuronaltion at the leading edge of motile fibroblasts. Proc. Natl. Acad. Sci.
growth cone. J. Cell Biol. 107, 1505±1516.USA 80, 1367±1371.
Goldberg, J.D., and Schacher, S. (1987). Differential growth of theBradke, F., and Dotti, C.G. (1997). Videomicroscopy of microinjected
branches of a regenerating bifurcate axon is associated with differ-hippocampal neurons. In Microinjection and Transgenesis: Strate-
ential axonal transport of organelles. Dev. Biol. 124, 35±40.gies and Protocols. A. Cid-Arregui and A. Garcia-CarrancaÂ , eds.
Goslin, K., and Banker, G.A. (1989). Experimental observation on(Springer, Germany: Springer Verlag), in press.
the development of polarity by hippocampal neurons in culture. J.Bray, D. (1970). Surface movements during the growth of single
Cell Biol. 108, 1507±1516.explanted neurons. Proc. Natl. Acad. Sci. USA 65, 905±910.
Goslin, K., and Banker, G. (1990). Rapid changes in the distributionBretscher, M.S. (1996). Moving membrane up to the front of migrat-
of GAP-43 correlate with the expression of neuronal polarity duringing cells. Cell 17, 465±467.
normal development and under experimentalconditions. J. Cell Biol.
Cassimeris, L., Pryer, N.K., and Salmon, E.D. (1988). Real-time ob- 110, 1319±1331.
servations of microtubule dynamic instability in living cells. J. Cell
Goslin, K., and Banker, G. (1991). Rat hippocampal neurons in low-Biol. 107, 2223±2231.
density culture. In Culturing Nerve Cells, G. Banker and K. Goslin,
Cheng, T.P.O., and Reese, T.S. (1987). Recycling of plasmalemma eds. (Cambridge, MA: MIT Press), pp. 251±281.
in chick tectal growth cones. J. Neurosci. 7, 1752±1759.
Goslin, K., Schreyer, D.J., Skene, J.H., and Banker, G. (1988). Devel-
Chu, J.-L., Brot, N., Weissbach, H., and Elkon, K. (1991). Lupus opment of neuronal polarity: GAP-43 distinguishes axonal from den-
antiribosomal P antisera contain antibodies to a small fragment of dritic growth cones. Nature 336, 672±674.
28s rRNA located in the ribosomal GTPase center. J. Exp. Med. 174, Gotlieb, A.I., McBurnie May, L., Subrahmanyan, L., and Kalnins, V.I.
507±514. (1981). Distribution of microtubule-organizing centers in migrating
Craig, A.M., and Banker, G. (1994). Neuronal polarity. Annu. Rev. sheets of endothelial cells. J. Cell Biol. 91, 589±594.
Neurosci. 17, 267±310. Griffin, J.W., Price, D.L., Drachman, D.B., and Morris, J. (1981).
Craig, A.M., Blackstone, C.D., Huganir, R.L., and Banker, G. (1993). Incorporation of axonally transported glycoproteins into axolemma
The distribution of glutamate receptors in cultured rat hippocampal during nerve regeneration. J. Cell Biol. 88, 205±214.
neurons: postsynaptic clustering of AMPA-selective subunits. Neu- Gundersen, G.G., and Bulinski, J.C. (1988). Selective stabilization
ron 10, 1055±1068. of microtubules oriented toward the direction of cell migration. Proc.
Craig, A.M., Wyborski, R.J., and Banker, G. (1995). Preferential addi- Natl. Acad. Sci. USA 85, 5946±5950.
tion of newlysynthesized membrane protein at axonal growth cones. Heikopp, J.C., van den Berg, M., Strijland, A., Weijers, P.J., Just,
Nature 375, 592±594. W.W., Meijer, A.J., and Tager, J.M. (1992). Turnover of peroxisomal
Dai, J., and Sheetz, M.P. (1995). Axon membrane flows from the vesicles by autophagic proteolysis in cultured fibroblasts from zell-
growth cone to the cell body. Cell 83, 693±701. weger patients. Eur. J. Cell Biol. 57, 165±171.
de Hoop, M.J., and Dotti, C.G. (1993). Membrane traffic in polarized Hentze, M.W., and KuÈhn, L.C. (1996). Molecular control of vertebrate
neurons in culture. J. Cell Sci., 17 (suppl.), 85±92. iron metabolism: mRNA-based regulatory circuits operated by iron,
nitric oxide, and oxidative stress. Proc. Natl. Acad. Sci. USA 93,de Hoop, M., von Poser, C., Lange, C., Ikonen, E., Hunziker, W., and
8175±8182.Dotti, C.G. (1995). Intracellular routing of wild-type and mutated
polymeric immunoglobulin receptor in hippocampal neurons in cul- Huber, L.A., Dupree, P., and Dotti, C.G. (1995). A deficiency of the
ture. J. Cell Biol. 130, 1447±1459. small GTPase rab8 inhibits membrane traffic in developing neurons.
Mol. Cell. Biol. 15, 918±924.de Hoop, M.J., Meyn, L., and Dotti, C.G. (1997). Culturing hippocam-
pal neurons and astrocytes from fetal rodent brain. In Cell Biology: Killisch, I., Dotti, C.G., Laurie, D.J., LuÈddens, H., and Seeburg, P.H.
A Laboratory Handbook, J.E. Celis, ed. (San Diego, CA: Academic (1991). Expression patterns of GABAA receptor subtypes in devel-
oping hippocampal neurons. Neuron 7, 927±936.Press), in press.
Neuron
1186
Kleiman, R., Banker, G., and Steward, O. (1994). Development of Tienari, P.J., De Strooper, B., Ikonen, E., Simons, M., Weidemann,
subcellular mRNA compartmentation in hippocampal neurons in A., Czech, C., Hartmann, T., Ida, N., Multhaup, G., Masters, C.L., et
culture. J. Neurosci. 14, 1130±1140. al. (1996). The b-amyloid domain is essential for axonal sorting of
amyloid precursor protein. EMBO J. 15, 5218±5229.Koenig, E., Kinsman, S., Repasky, E., and Sultz, L. (1985). Rapid
mobility of motile variscosities and inclusions containing a-spectrin, Vogt, L., Giger, R.J., Ziegler, U., Kunz, B., Buchstaller, A., Hermens,
actin, and calmodulin in regenerating axons. J. Neurosci. 5, 715±729. W.T.J.M.C., Kaplitt, M.G., Rosenfeld, M.R., Pfaff, D.W., Verhaagen,
J., and Sonderegger, P. (1996). Continuous renewal of the axonalKoÈ ster, A., Heisig, M., Heinrich, P.C., and Just, W.W. (1986). In vitro
pathway sensor apparatus by insertion of new sensor moleculessynthesis of peroxisomal membrane polypeptides. Biochem. Bio-
into the growth cone membrane. Curr. Biol. 6, 1153±1158.phys. Res. Commun. 137, 626±632.
Kupfer, A., Louvard, D., and Singer, J. (1982). Polarization of the
Golgi apparatus and the microtubule-organizing center in cultured
fibroblasts at the edge of an experimental wound. Proc. Natl. Acad.
Sci. USA 79, 2603±2607.
Lefcort, F., and Bentley, D. (1989). Organization of cytoskeletal ele-
ments and organelles preceding growth cone emergence from an
identified neuron in situ. J. Cell Biol. 108, 1737±1749.
Lim, S.-S., Sammak, P.J., and Borisy, G.G. (1989). Progressive and
spatially differentiated stability of microtubules in developing neu-
ronal cells. J. Cell Biol. 109, 253±263.
Lin, C.-H., and Forscher, P. (1993). Cytoskeletal remodeling during
growth cone-target interactions. J. Cell Biol. 121, 1369±1383.
Lockerbie, R.O., Miller, V.E., and Pfenninger, K.H. (1991). Regulated
plasmalemmal expansion in nerve growth cones. J. Cell Biol. 112,
1215±1227.
Matteoli, M., Takei, K., Perin, M.S., SuÈ dhof, T.C., and DeCamilli, P.
(1992). Exo-endocytotic recycling of synaptic vesicles in developing
processes of cultured hippocampal neurons. J. Cell Biol. 117,
849±861.
Morris, R.L., and Hollenbeck, P.J. (1993). The regulation of bidirec-
tional mitochondrial transport is coordinated with axonal outgrowth.
J. Cell Sci. 104, 917±927.
Okabe, S., and Hirokawa, N. (1990). Turnover of fluorescently la-
beled tubulin and actin in the axon. Nature 343, 479±482.
Okabe, S., and Hirokawa, N. (1992). Differential behaviour of photo-
activated microtubules ingrowing axons of mouse and frog neurons.
J. Cell Biol. 117, 105±120.
Overly, C.C., Rieff, H.I., and Hollenbeck, P.J. (1996). Organelle motil-
ity and metabolism in axons versus dendrites of cultured hippocam-
pal neurons. J. Cell Sci. 109, 971±980.
Pagano, R.E., and Martin, O.C. (1994). Use of fluorescent analogs
of ceramide to study the Golgi apparatus of animal cells. In Cell
Biology: A Laboratory Handbook, J.E. Celis, ed. (San Diego, CA:
Academic Press), pp. 387±393.
Pagano, R.E., Martin, O.C., Kang, H.C., and Haugland, R.P. (1991).
A novel fluorescent analogue for studying membrane traffic in animal
cells: accumulation at the Golgi apparatus results in altered spectral
properties of thesphingolipid precursor. J. Cell Biol. 113, 1267±1279.
Parton, R.G., Simons, K., and Dotti, C.G. (1992). Axonaland dendritic
pathways in cultured neurons. J. Cell Biol. 119, 123±137.
Pfenninger, K.H., and MaylieÁ -Pfenninger, M.-F. (1981). Lectin label-
ing of sprouting neurons. II. Relative movement and appearance of
glycoconjugates during plasmalemmal expansion. J. Cell Biol. 89,
547±559.
Prochiantz, A. (1995). Neuronal polarity: giving neurons heads and
tails. Neuron 15, 743±746.
Reinsch, S.S., Mitchison, T.J., and Kirschner, M. (1991). Microtubule
polymer assembly and transport during axonal elongation. J. Cell
Biol. 115, 365±379.
Sabry, J.H., O'Connor, T.P., Evans, L., Toroian-Raymond, A.,
Kirschner, M., and Bently, D. (1991). Microtubule behavior during
guidance of pioneer neuron growth cones in situ. J. Cell Biol. 115,
381±395.
Sabry, J., O'Connor, T.P., and Kirschner, M.W. (1995). Axonal trans-
port of tubulin in Ti1 pioneer neurons in situ. Neuron 14, 1247±1256.
Spiegelman, A.M., Lopata, M.A., and Kirschner, M.W. (1979). Aggre-
gation of microtubule initiation sites preceding neurite outgrowth in
mouse neuroblastoma cells. Cell 16, 253±263.
Tanaka, E.M., and Kirschner, M.W. (1991). Microtubule behaviour in
the growth cones of living neurons during axon elongation. J. Cell
Biol. 115, 345±363.
